Objective To determine the best test(s) for predicting functional recovery of hibernating myocardium after reperfusion.
Introduction
Left ventricular dysfunction at rest may improve or even normalize after myocardial revascularization [1] [2] [3] , but the operative risk may be increased. The identification of patients with 'hibernating myocardium' has implications for revascularization [4, 5] , because the need to perform revascularization may be based upon the presence of hibernating myocardium and may be crucial for clinical decision making [6] . Nuclear cardiology techniques or dobutamine echocardiography are used to assess myocardial viability [4, 5, [7] [8] [9] [10] [11] and compare favourably with those of positron emission tomography [12] [13] [14] . Other studies have compared the usefulness of different protocols using thallium imaging with that of dobutamine echocardiography [15, 16] . No study has so far considered the value of baseline left ventricular diastolic wall thickness and the additive value of a second and/or a third test (thallium-201 scintigraphy or dobutamine echocardiography) to predict early and late left ventricular functional outcome after surgery.
The purpose of our investigation was to compare the sensitivity, specificity, and predictive accuracy of: (1) diastolic wall thickness at baseline echocardiography; (2) low-dose dobutamine echocardiography; (3) restredistribution thallium-201 single-photon emission computed tomography, and (4) their combination to predict early (intraoperative), short-term (3 months) and late (1 year) recovery after surgical revascularization in patients with coronary artery disease and chronic left ventricular dysfunction at rest. The additive value of various tests is of importance to the patient and for the best utilization of limited resources.
Methods

Study patients
We prospectively screened 100 symptomatic, consecutive patients who had angiographically proven coronary artery disease and left ventricular dysfunction at rest (ejection fraction c50%) and were referred to Cattedra di Cardiologia, University of Brescia, Italy, for coronary artery bypass grafting (CABG).
Twenty-eight patients fulfilled the following inclusion criteria: good quality transthoracic echocardiogram to assess wall motion and diastolic wall thickness in every myocardial segment of the left ventricle; persistence of segmental left ventricular akinesis, detected by serial echocardiograms, for at least 1 month before revascularization; absence of rest angina or clinical instability during the echocardiographic and thallium studies; narrowing (d70%) of the coronary arteries subtending the akinetic area that was suitable for surgical revascularization; no acute myocardial infarction or unstable angina within the previous 6 months of the study; no other concomitant cardiopulmonary or severe valvular disease; left ventricular aneurysm or scar [12] involving c10 of the 16 segments examined.
The patient's age ranged from 40 to 72 years (58 9, mean SD); 21 had a previous myocardial infarction; all patients had angina and/or dyspnoea. One, eight and 19 had single-, two-or three-vessel coronary artery disease, respectively; all patients had left anterior descending disease. The decision for surgery had been based on clinical and angiographic considerations. The occurrence of peri-operative myocardial infarction was assessed in terms of ECG, echocardiogram monitoring, and CPK-MB and troponin evaluation. The study was approved by the Hospital Joint Ethical Committee on Clinical Investigation, and each patient provided written informed consent.
All patients underwent all the tests within 1 month before surgery without intervening cardiac events. To confirm the stability of the wall motion abnormalities, echocardiographic examinations were repeated for each patient the day before surgery. Ten patients were excluded due to inadequate endocardial visualization.
All patients underwent CABG using the left internal mammary artery and saphenous vein graft. The distal anastomoses were performed during a period of aortic cross-clamping in mild hypothermia while the myocardium was protected using the anterograde St Thomas's Hospital Cardioplegic solution as previously described [12] . The average bypass inserted was 2·6.
Diastolic wall thickness
Complete two-dimensional and M-mode echocardiography and Doppler ultrasound was performed using an HP Sonos 1500 with 2·5, 3·5, and 5 MHz transducers [8] . In particular, the echocardiographic images of the akinetic segments were obtained from multiple views (parasternal and subcostal) using the highest transducer frequency and gain setting that provided optimal visualization of endocardial and epicardial surfaces. Diastolic wall thickness was calculated as the mean value of three measurements and scored as preserved (d5 mm) or reduced (<5 mm); the intra-and interobserver variability was 0·4 0·2 mm and 0·5 0·2 mm, respectively.
Low-dose dobutamine echocardiography
Dobutamine was infused intravenously using an infusion pump for 5 min at 5 and at 10 g . kg 1 body weight per minute. There were no complications. Betaadrenergic blocking or inotropic agents were withdrawn 48 h before the test.
The left ventricle was divided into 16 segments [17] ; regional systolic wall motion and thickening were evaluated in each segment by two experienced observers (G.L.C.; M.G.) who were not aware of the identity of patients, clinical findings, the order of echocardiograms, and the findings of thallium-201 scintigraphy and of angiography. The inter-and intra-observer variability for distinguishing akinetic from either normal or hypokinetic segments was 2% and 1%, respectively [8] . The inter-observer disagreements in the grading of segments were resolved by consensus with two other welltrained observers; only one case was resolved by consensus. We used a previously described scoring system [8] . Wall motion score was calculated for each patient as the sum of the score of all 16 segments divided by the number of segments evaluated. Evaluation of wall motion and thickening in each segment was always performed >1 cm from the adjacent segment to avoid misinterpretation due to the tethering phenomenon [8] .
Rest-redistribution thallium-201 scintigraphy
All patients underwent rest-redistribution thallium-201 scintigraphy. After an overnight fast, tomographic images were acquired 10 min (rest) and 4 h (redistribution) after injection of 74 MBq of thallium with a
Prediction of recovery of chronic left ventricular dysfunction after surgery 1359
single-headed gamma camera (SP4 HR, Elscint) equipped with a general purpose, low-energy, collimator (FWHM=11 mm). Both rest and redistribution thallium-201 images were acquired in 60 steps of 20-30 s each over a circular 180 orbit from the right anterior to the left posterior oblique projection. The data were collected on a 64 64 matrix with a 1·3 zoom. The set of transaxial images were reconstructed using a standard filtered back projection (Wiener filter). From the threedimensional voxel matrix, three sets of 18 mm thick slices realigned along the main cardiac axes were then derived (short axis, horizontal and vertical long axis). From short axis slices a polar map was obtained. To compare with the echocardiographic images, analysis of regional thallium-201 myocardial uptake was performed using a 16-segment model. A considerable effort was made to match the scintigrams to the 16 left ventricular segments used in the echocardiographic studies. The uptake of the tracer was graded subjectively in each segment using a scoring system based on reduction in peak thallium-201 uptake compared with a normally contracting segment: 1 (<25%); 2 (25-50%); 3 (>50 to 85%); 4 (>85%). Delayed images (redistribution) were classified for presence or absence of increase in thallium-201 uptake (grade 1 or higher compared with baseline). Interpretation of the tomographic studies was performed by consensus of two experienced investigators who were not aware of the clinical, echocardiographic and angiographic findings. A myocardial segment was graded as viable when the resting score was 1 or 2 and there was complete or partial redistribution, and was graded as non-viable when the resting score was 3-4 and there was no evidence of redistribution at delayed images. Akinetic segments were assigned to specific coronary vascular territories according to the scheme proposed by Segar and colleagues [18] .
Intra-operative echocardiography
After induction of anaesthesia, a 5-MHz phased array transesophageal transducer was introduced into the oesophagus and connected to an HP 1500 echocardiogram for routine intra-operative monitoring of left ventricular function. A pulmonary artery Swan-Ganz thermodilution catheter and a radial artery catheter were inserted. Patients underwent revascularization using the left internal mammary artery to the left anterior descending coronary artery and saphenous vein grafts to the other arteries. Details of surgical techniques were previously described [19] . All vessels with significant (d70%) stenosis were bypassed by a single surgeon who was unaware of the pre-operative echocardiographic and scintigraphic findings. The epicardial echocardiogram was performed as previously described [8] .
Post-operative studies
At a mean of 3 and 12 months (range 2-4 months and 11-13 months, respectively) after surgery, all patients were re-evaluated by baseline transthoracic echocardiography.
Ejection fraction
Left ventricular ejection fraction was calculated from a two-dimensional echocardiogram using a previous validated area-length algorithm for end-diastolic and end-systolic volume determination [8] .
Statistical analysis
Sensitivity, specificity and predictive accuracy of all tests were calculated in the usual manner by using the functional improvement in the akinetic segment after revascularization as a standard. Comparison of quantitative variables was accomplished using analysis of variance (ANOVA) for repeated measures. When ANOVA indicated the presence of significant changes, Student's t-test for paired samples with Bonferroni correction for multiple comparisons was used to identify the sources of the differences. The chi-squared test and Fisher exact test were used to compare differences in categorical variables. Differences were considered significant at Pc0·05. All quantitative variables are expressed as mean SD.
Results
Baseline echocardiography
Of the total of 448 segments analysed, 37 were hypokinetic, 148 normokinetic and 263 akinetic. The number of dysfunctional but viable segments per patient was 6·2 2·8 (range 3-11). Hypokinetic segments were not evaluated for this study. Among the 263 akinetic segments, 230 (87%) had diastolic wall thickness d5 mm ( Fig. 1) . Nine patients showed a reduction in diastolic wall thickness at the site of the Q wave infarction, yielding 33 segments with diastolic wall thickness >5 mm. Persistence of wall motion abnormalities was confirmed by echocardiography performed the day before surgery.
Low-dose dobutamine echocardiography
Systolic wall thickening and wall motion improved after dobutamine infusion in 135 out of 263 akinetic segments (51%) (Fig. 1 ). Among these, 84 became normokinetic and 51 hypokinetic. Wall motion score improved from 2·3 0·34 to 1·7 0·51 and to 1·7 0·53 after the first and the second dobutamine infusions (P<0·01). In five patients, nine akinetic segments improved after the first dobutamine infusion, but worsened after the second dose. The remaining 128 segments failed to improve and were classified as non-viable.
Of 230 akinetic segments with preserved diastolic wall thickness, 134 (58%), were viable. Only one of the 33 segments with reduced diastolic wall thickness was viable.
Rest-redistribution thallium-201 scintigraphy
Of the 263 akinetic segments, 175 (66%) were viable, and 88 (34%) were non-viable (Fig. 1) . Among the 175 viable akinetic segments, 137 showed normal thallium-201 uptake initially, 16 had a mild initial defect with complete redistribution and 22 had a severe initial defect with complete redistribution.
Of the 230 akinetic segments with preserved diastolic wall thickness, 165 were viable (72%) and 65 (28%) were non-viable. Among the 33 segments with reduced diastolic wall thickness, 10 were viable and 23 were nonviable. Overall, there was a 71% concordance of regional thallium-201 uptake and diastolic wall thickness in the assessment of preserved viability in the akinetic segments.
Intra-operative echocardiography
In the 448 segments there was no variation in akinetic segments determined at baseline by transthoracic 
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echocardiography and that obtained intra-operatively before revascularization by epicardial echocardiography. The epicardial echocardiograms were subjectively evaluated in the operating room by one investigator, not aware of the treatment arm, as a quick confirmation for the persistence of abnormal wall motion. Continuous intra-operative transoesophageal echocardiography was used to ensure absence of transient ischaemia or infarction during surgery. Immediately after revascularization, there was a decrease in systemic vascular resistance from 1250 422 to 950 250 dynes . s . cm 5 , P<0·01, and an increase in cardiac output from 4·0 2·1 to 6·6 1·8 l . min 1 , P<0·01. Immediately after revascularization, 138 out of 263 akinetic segments improved (52%), 102 showed normal contraction, 36 became hypokinetic, and 125 did not change. The regional wall motion score improved and left ventricular ejection fraction increased (see below).
Improvement was observed in 135 out of 230 (59%) akinetic segments with preserved diastolic wall thickness and in three out of 33 (10%) with reduced diastolic wall thickness (P<0·001). The improved segments showed greater diastolic wall thickness at baseline than the non-improved segments (10·3 2 vs 6·0 2 mm, P<0·001). However, a maintained diastolic wall thickness at baseline (d5 mm) failed to predict recovery after surgery; diastolic wall thickness in patients who improved left ventricular ejection fraction was 9·1 2 vs 8·4 1 mm in those who failed to improve after surgery.
Follow-up
There were no peri-operative myocardial infarction. Two patients died after surgery, one with adult respiratory distress syndrome at 7 days and another at home from gastrointestinal bleeding 30 days after surgery and were excluded from the analysis of the time course of contractile recovery. The remaining 26 patients were symptom-free. Specific antianginal therapy was discontinued; antihypertensive medications, angiotensinconverting enzyme inhibitor, diuretic and digitalis therapy were continued if indicated.
Left ventricular ejection fraction improved from 27 10 to 40 15% (immediately), 39 15% at 3 months, and to 37 14% at 12 months after surgery, all significant at P<0·01 compared with baseline. Wall motion scores also improved from 2·3 0·40 to 1·7 0·43, immediately after and to 1·8 0·4, at 3 and 12 months after surgery (all P<0·01).
Of the 214 segments with preserved diastolic wall thickness, 129 improved immediately after reperfusion (Fig. 2) . Only six of the 129 (5%) segments worsened from surgery to pre-discharge, while five showed a delayed recovery at pre-discharge, yielding 128 improved segments at pre-discharge. Of these, 20 (16%) deteriorated in the following 3 months and six (5%) showed a late improvement of contraction, yielding 114 improved segments at 3 months. In the next 9 months, five (4%) improved segments deteriorated, but 21 (21%) akinetic segments improved at 12 months. 
Sensitivity, specificity and predictive accuracy of the tests
The sensitivity, specificity and predictive accuracy of the tests are set out in Table 1 and Fig. 3 . Diastolic wall motion d5 mm had high sensitivity (98%, 99%, and 100%), and low specificity (24%, 24%, and 28%) immediately, and at 3 and 12 months after surgery, respectively. Dobutamine echocardiography also had high sensitivity (82%, 79% and 74%) and the highest specificity (82%, 72% and 74%) at the three time intervals. Thallium-201 scintigraphy had a similar sensitivity to that of dobutamine echocardiography, but a lower specificity: 51%, 46% and 43%, respectively at these intervals.
Addition of dobutamine echocardiography to diastolic wall thickness increased the positive predictive values of diastolic wall thickness to 84%, 72% and 76%, respectively, at the three time intervals. Addition of thallium-201 scintigraphy to diastolic wall thickness also increased the positive predictive value of diastolic wall thickness to 68%, 68% and 69%, respectively. Combining dobutamine echocardiography with thallium-201 scintigraphy increased the sensitivity of each test, yielding the accuracies of 89%, 80% and 78%, respectively. Combining all tests together did not provide further advantages. It should be noted that, at 1 year, the negative predictive values of diastolic wall thickness alone, or with the addition of either test, were 100%.
Discussion
The major findings can be summarized:
(1) Reduced diastolic wall thickness (<5 mm) was highly accurate in identifying resting regional left ventricular dysfunction unlikely to improve after revascularization. This accuracy was not significantly increased by the other two tests or by their combination. However, diastolic wall thickness <5 mm was present in only 13% of the akinetic segments; (2) Diastolic wall thickness d5 mm had the highest sensitivity but lowest specificity for the detection of hibernating myocardium; (3) In patients with diastolic wall thickness d5 mm, diastolic wall thickness was not significantly different for those that improved compared with those that did not improve; (4) The combination of diastolic wall thickness d5 mm and either dobutamine echocardiography or thallium-201 scintigraphy resulted in similar higher positive predictive values compared to diastolic wall thickness d5 mm; 
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(5) There is no additional benefit with adding both dobutamine echocardiography and thallium-201 to diastolic wall thickness d5 mm; (6) Combined dobutamine echocardiography and thallium-201 scintigraphy provided data similar to those of diastolic wall thickness plus either dobutamine echocardiography or thallium-201.
Redistribution of thallium-201 scintigraphy
Our study shows that the sensitivity of thallium-201 scintigraphy for predicting immediate recovery on reperfusion was 83%, but the specificity was only 51%. These values are similar to those obtained when improvement of regional dysfunction was assessed at 3 and 12 months. Thus, rest-redistribution of thallium-201 uptake is a sensitive index of viability, but less useful for the estimation of recovery after surgery. This is not surprising because recovery of contraction after reperfusion requires: (1) integrity of cellular and subcellular membranes to provide an adequate quantity of calcium to the myofilaments, (2) availability of metabolic pathways to provide enough adenosine triphosphate for contraction, (3) persistence of adequate myofilaments in the subendocardium layer for contraction, and (4) less fibrosis. While scintigraphic techniques and positron emission tomography test the first two points, they do not provide an estimate of the amount of myofilaments or of fibrosis.
If the akinetic area lacks myofilaments or these are present in <20% of the subendocardium [20] or there is extensive fibrosis (>30%) [21] , immediate recovery of contraction on reperfusion cannot be expected, despite the presence of viability. The available morphological data from patients with hibernating myocardium have consistently shown depletion of myofilaments at the time of surgery and this is documented by electron microscopy of transmural myocardial biopsies [22] . However, there is early recovery if the subcellular structure and myofilaments are preserved [23] . Therefore, it is likely that dobutamine echocardiography, especially low-dose dobutamine, which assesses contractile reserve should better predict early recovery of resting left ventricular dysfunction.
Baseline echocardiography and dobutamine echocardiography
Diastolic wall thickness provides some information on the amount of muscular versus fibrotic tissue. Furthermore, the response to positive inotropic stimulation requires a substantial amount of functional myocytes in a given segment [24] , although viability may be detected in small areas when function is precluded by histopathological remodelling. A positive response to an inotropic stimulation also requires some coronary flow reserve [25] [26] [27] . Our data show that assessment of diastolic wall thickness by echocardiography as a single observation provides important clinical information. Viability was higher in the akinetic segments with preserved diastolic wall thickness than in those without (76% vs 28%). The accuracy of diastolic wall thickness to predict thallium-201 uptake was 72%. In addition, 98% of the segments which improved intra-operatively, showed a preserved diastolic wall thickness, and only 24% of those failing to improve after surgery had a preserved diastolic wall thickness. Thus, estimation of the diastolic wall thickness can be considered a sensitive predictor of viability and functional recovery after revascularization [28] , although its specificity is poor. However, the negative predictive value of reduced diastolic wall thickness (<5 mm), was very high (97-100%), indicating that if diastolic wall thickness is <5 mm, additional testing and revascularization may not be indicated in all patients. The importance and benefit of avoiding additional testing and unnecessary revascularization are obvious.
In our patients, the overall sensitivity of dobutamine echocardiography was similar to that of thallium-201 scintigraphy. The sensitivity and specificity of tests can be altered depending on the criteria used [29] and this may explain some differences in the sensitivity and specificity of tests in our study and those reported by others. However, the similarity of results with dobutamine echocardiography and thallium-201 are in keeping with other data, and show that in any one medical centre both the tests may have similar accuracy [16, 29, 30] . In our study, in the segments assessed as viable by thallium-201 scintigraphy, the additional identification of contractile reserve was more predictive of early recovery after surgery (positive predictive value of 83% vs 65%). In patients in whom the areas of left ventricular dysfunction were assessed as non-viable, the additional information of a lack of contractile reserve was associated with a somewhat higher rate of non-recovery (negative predictive value 80% vs 73%). The results with low-dose dobutamine that indicate myocardium will recover immediately or early should not necessarily be extrapolated to high-dose dobutamine without proof.
Time-course of recovery after revascularization
Our data are in agreement with previous reports [15, 16, 31, 32] , which compared the values of assessment of contractile reserve and of myocardial perfusion to predict short-term post-revascularization recovery. Our data, however, extend these observations to a follow-up of 1 year. Previous reports usually had an observation time of a few weeks, occasionally of 6 months, and mostly had only a single evaluation after revascularization. Contractile recovery was rapid in many of our patients and was maintained over time.
Several factors may affect the immediate postoperative contractile function, independently from surgical revascularization. In the operating room, to avoid variations in pre-and afterload, between the preand post-operative assessment of the left ventricle, we monitored and kept constant left atrial and systemic arterial pressure. No inotropic agents were administered during epicardial echocardiographic examinations. However, a release of endogenous catecholamines during and after cardiac surgery might exert positive inotropism accounting for the slightly higher left ventricular ejection fraction measured in the operating room. Since a similar improvement was found 3 and 12 months after revascularization in most patients when peripheral resistances and endogenous catecholamines would be expected to have returned to pre-operative values, most of the early improvement in regional and global left ventricular function shown in the operating room after revascularization was most likely real. The small changes observed over time could be a result of subjective evaluation, changes in the grafts and late recovery of function. However, our data should not be interpreted to indicate that all patients improved left ventricular ejection fraction immediately and to the same extent.
Caution, limitations, and strengths
Care should be taken in extrapolating our data to:
(1) Other related tests, for example, diastolic wall thickness by magentic resonance imaging which is more expensive, use of transoesophageal echocardiography, high-dose dobutamine echocardiography or extrasystolic potentiated beats, stress-redistributionreinjection thallium-201 or combined thallium-201 plus sestamibi studies, ECG-gated radionuclide SPECT imaging using thallium-201 and/or sestamibi, or utilization of the addition of nitroglycerin; (2) Other clinical situations, for example, patients immediately or early after myocardial infarction or when the myocardium cannot be completely revascularized.
We have chosen tests that are the most widely available and most frequently used in clinical practice. Furthermore, we used only low doses of dobutamine in view of the severe reduction in the coronary reserve of the studied population. In so doing, we might have missed the information provided by the biphasic response to low and high dose dobutamine which also provides an indication of the regions which could recover.
Similar to most other previous studies, patency of grafts and of progression of disease in the native coronary arteries was not evaluated after surgery; all patients in this study underwent revascularization by surgery and not by percutaneous catheter techniques. In our study of sequential data over 1 year, repeated postoperative angiography and patient acceptance of repeated angiography over 1 year was clinically difficult.
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However, the relative stability of improvement of regional and global left ventricular function (see results) and sensitivity, specificity and accuracy of all tests (Table 1) suggests that major changes in the grafts and coronary arteries was unlikely. In addition, there were no new wall motion abnormalities in the postoperative studies. The rapid improvement in left ventricular function in the operating room after coronary bypass surgery in many patients suggests that our patient population was a select one probably because of the inclusion criteria.
The strengths of our study include:
(1) it was a prospective research study; (2) the decision for surgery was not based on the results of the tests that were being studied; (3) the evaluations of echocardiographic/Doppler and radionuclide studies were a blind design; (4) only akinetic (not hypokinetic) segments were evaluated; (5) persistence of wall motion abnormalities was confirmed by echocardiography the day before surgery; (6) multiple evaluations were made over a period of 1 year; (7) three tests were evaluated singly and in combination.
A comparatively small number of akinetic segments (13%) in our study had a diastolic wall thickness of <5 mm. It should be noted that a preliminary report by Cwajg et al. [33] has also shown the negative predictive value of diastolic wall thickness c0·6 cm by echocardiography for functional recovery was 100%. Other studies have evaluated diastolic wall thickness on the basis of it being 'normal' or 'reduced' in 15 patients and on the basis of 'thinning' (<75% of normal diastolic wall thickness) or 'no thinning' in 53 patients [34] . Both studies have shown that reduced or thinning diastolic wall thickness was poorly associated with improvement after revascularization but neither the negative or positive predictive accuracy was 100%. Earlier Perrone-Filardi and co-workers [35] showed in 25 patients that a diastolic wall thickness of 3-4 mm up to 12 mm had a large overlap with [ 18 F]-fluorodeoxyglucose activity and suggested that diastolic wall thickness may be inaccurate in distinguishing asynergic but viable myocardium.
Clinical implications
Patients with left ventricular dysfunction may have a substantial improvement in outcome when correctly diagnosed and treated with revascularization techniques. Even in patients with three-vessel coronary artery disease and severe left ventricular dysfunction, those with hibernating myocardium have a significantly better outcome during hospitalization and up to 2-4 years after revascularization [6, [36] [37] [38] . The choice of test(s) for such an assessment is important both clinically, with respect to cost containment and best use of the available limited resources.
The major clinical implications from our study are:
(1) Diastolic wall thickness of <5 mm by echocardiography indicated that improvement in that area of myocardium is unlikely after surgical revascularization. This test is widely available and the avoidance of revascularization in those not likely to benefit is clinically useful. (2) If diastolic wall thickness is d5 mm, then improvement of left ventricular function is likely but the specificity of this test is 24-28% and the predictive accuracy of a positive test is 54-61%. Thus, additional testing is important; and either dobutamine echocardiography or thallium-201 scintigraphy could be used for this as data from both tests are similar. The choice of performing either test should depend on the skill and experience with these techniques in a particular medical centre. (3) There is no benefit to dobutamine echocardiography plus thallium-201 when combined with diastolic wall thickness and should therefore be used only in unusual situations. (4) Combination of dobutamine echocardiography and thallium-201 scintigraphy provided similar results to diastolic wall thickness plus one of the two tests and is of value if diastolic wall thickness cannot be obtained for any reason.
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